The crystal structures of family 10 xylanases indicate that the distal regions of their active sites are quite different, suggesting that the topology of the substrate binding clefts of these enzymes may vary. To test this hypothesis, we have investigated the rate and pattern of xylooligosaccharide cleavage by the family 10 enzymes, Pseudomonas fluorescens subsp. cellulosa xylanase A (XYLA) and Cellulomonas fimi exoglucanase, Cex. The data showed that Cex contained three glycone and two aglycone binding sites, while XYLA had three glycone and four aglycone binding sites, supporting the view that the topologies of substrate binding clefts in family 10 glycanases are not highly conserved. The importance of residues in the substrate binding cleft of XYLA in catalysis and ligand binding were evaluated using sitedirected mutagenesis. In addition to providing insight into the function of residues in the glycone region of the active site, the data showed that the aromatic residues Phe-181, Tyr-255, and Tyr-220 play important roles in binding xylose moieties, via hydrophobic interactions, at subsites ؉1, ؉3, and ؉4, respectively. Interestingly, the F181A mutation caused a much larger reduction in the activity of the enzyme against xylooligosaccharides compared with xylan. These data, in conjunction with a previous study (Charnock, S. J., Lakey, J. H., Virden, R., Hughes, N., Sinnott, M. L., Hazlewood, G. P., Pickersgill, R., and Gilbert, H. J. (1997) J. Biol. Chem. 272, 2942-2951), suggest that the binding of xylooligosaccharides at the ؊2 and ؉1 subsites ensures that the substrates occupy the ؊1 and ؉1 subsites and thus preferentially form productive complexes with the enzyme. Loss of ligand binding at either subsite results in small substrates forming nonproductive complexes with XYLA by binding to distal regions of the substrate binding cleft.
Xylan, a polymer of xylose residues linked by ␤1,4-glycosidic bonds, constitutes the major hemicellulose in a range of plant materials (1) . The xylan backbone is hydrolyzed by endo-␤1,4-xylanases (xylanases) (2) . Xylanases have evolved from two ancestral sequences and are located in glycosyl hydrolase, families 10 and 11 (3) . The three-dimensional structures of four family 10 xylanases have now been solved (4 -7). They all have very similar structures, comprising (␣/␤) 8 -barrels. The enzymes have extended substrate binding clefts in which the surface residues are linked by an extensive hydrogen bond network. The clefts form deep groves, consistent with their endo-mode of action, and comprise a series of subsites, each one capable of binding a xylose moiety (4) . The subsites that bind the glycone and aglycone regions of the substrate are prefixed by Ϫ and ϩ, respectively, and their number is related to the proximity to the site of bond cleavage (the glycosidic bond between the xylose residues at the ϩ1 and Ϫ1 subsites is cleaved by the enzyme; Ref. 8) . Catalysis is mediated by two carboxylic amino acids, which function as nucleophile and acidbase residues, respectively (9) . Xylanases cleave glycosidic bonds by a double displacement general acid-base-assisted mechanism as depicted in Reaction 1. During glycosidic bond cleavage (k 2 ) the anomeric carbon of the xylose residue at the Ϫ1 subsite is covalently linked to the enzyme's nucleophile by an ester bond, with the acid-base residue assisting bond cleavage by protonation of the glycosidic oxygen. The covalent glycosyl-enzyme intermediate is then hydrolyzed (k 3 ) by a water molecule that has been activated by the abstraction of a proton by the acid-base catalyst. The positions of the two key catalytic residues are conserved in all family 10 enzymes (10). REACTION 1 Analysis of active site amino acids that play an important role in substrate binding and in catalysis has been greatly facilitated by solving the crystal structure of family 10 xylanases covalently linked to mechanism-based cellobiosyl and xylobiosyl inhibitors (11, 12) . The resolution of the structures of ligand-enzyme complexes has also revealed several active site residues, at the Ϫ1 and Ϫ2 subsites, which have the potential to play an important role in ligand binding, either through hydrogen bonding with the sugar hydroxyl groups or hydrophobic stacking with the pyranose rings, and other amino acids that influence the position and ionization state of the two key catalytic residues. In addition, the crystal structure of a nucleophile mutant of Pseudomonas fluorescens subspecies cellulosa xylanase A (XYLA) 1 soaked with xylopentaose (X 5 ) showed that the oligosaccharide bound to subsites Ϫ1 to ϩ4 (4). The structure revealed which residues were likely to play an important role in ligand binding in the aglycone region of the substrate binding cleft; however, the relatively low resolution of the structure prevented precise definition of ligand protein interactions. Recent work in our laboratory has utilized the crystal structure of family 10 enzymes to dissect the functional importance of residues located on the surface of the substrate binding cleft (13) . Site-directed mutagenesis studies have shown that Glu-43 and Asn-44 play important roles in xylose binding at the Ϫ2 subsite, since removal of these amino acids decreases the enzyme's activity against oligosaccharides but has no apparent effect on the rate of xylan hydrolysis. It was suggested that the primary role of the Ϫ2 subsite is to prevent the formation of nonproductive complexes between XYLA and oligosaccharides. Surprisingly, Asn-182, which is conserved in all family 10 enzymes, appeared to play an important role at the ϩ2 subsite, while the equivalent residue in a family 10 enzyme from Streptomyces lividans (XYLASL) influenced ligand binding at the ϩ3 subsite (14) , raising the possibility that conserved residues do not necessarily play equivalent roles in different family 10 enzymes. XYLA, unlike most family 10 enzymes, contains an extended loop after ␤-strand 7, which is stabilized by a calcium binding domain, although removal of metal binding capacity by this loop did not influence the activity of the enzyme against xylan (15) .
Although the structures of family 10 xylanases are very similar, it is unclear to what extent the topology of the substrate binding clefts of these enzymes is conserved; the importance, in enzyme function, of the discrete subsites that comprise the substrate binding clefts of these glycanases, and the roles of the aromatic, carboxylic, and amide amino acids located within the active site of family 10 xylanases are also not clear. To resolve these issues, we have dissected the topology of two family 10 xylanases, analyzed the function of residues in the substrate binding cleft of Pseudomonas XYLA in both ligand binding and overall catalysis, and, by disrupting xylose binding at different subsites in the pseudomonad enzyme, we have investigated the importance of these xylose binding pockets in the hydrolysis of both complex and simple substrates. The data have shown that there is surprising heterogeneity in the topology of the active sites of family 10 glycanases; the ϩ1 subsite of XYLA appears to play a critical role in xylooligosaccharide catalysis, rather than polysaccharide cleavage, and, in contrast to the glycone region of XYLA, the ligand binding in the aglycone region of the substrate binding cleft is dominated by hydrophobic interactions between xylose pyranose rings and aromatic amino acids.
EXPERIMENTAL PROCEDURES
Bacteria, Plasmids, Vectors, and Growth Media-The strains of Escherichia coli used in this study were JM101, JM83, and CJ236 (Bio-Rad). The plasmids and phage DNA used in this study were M13mp19-xynA' and pRS16 (16) , which both contain the region of xynA that encodes the catalytic domain of XYLA cloned into M13mp19 and pUC19, respectively; pUC12-1.1Cex(ptis) encodes full-length Cellulomonas fimi Cex (17) . Recombinant E. coli strains were cultured in Luria broth supplemented with 100 g/ml ampicillin.
Recombinant DNA Technology-The construction, identification by sequencing, and cloning into the expression vector pUC19 of mutants of xynA' were described previously (11) . Appropriate mutations were generated by using the following primers (corresponding to antisense strand) to synthesize the DNA in vitro.
E43A
5Ј- CTTCATAATATTTGCGGCAGTGATCTG-3Ј  N44A  5Ј-CATCTTCATAATAGCTTCGGCAGTGATT-3Ј  W83A  5Ј-ATAGCTGGGGTGCGCGACCAAGGCATGG-3Ј  D131A 5Ј-ATCATCGGCCGAAGCAAACAGCGCCTC-3Ј  F181A 5Ј-TTCTTCCGTGTTGGCATCGTTGTAGTAC-3Ј  N182A 5Ј-ATTTTCTTCCGTGGCGAAATCGTTGTAC-3Ј  E184A 5Ј-TTTAGCGCCATTTGCTTCCGTGTTGAA-3Ј  E185A 5Ј-AGCGCCATTTTCTGCCGTGTTGAAATC-3Ј  Q213A 5Ј-TCATGACATGCATCGCGAAGCCAACACCA-3Ј  Y220A 5Ј-GGCGATGGACGGAGCGTCGTTCATGACC-3Ј  Y220F 5Ј-GGCGATGGACGGAAAGTCGTTCATGAC-3Ј  D248A 5Ј-TATTCAAACGCACGGCCAATTCAGTAAT-3Ј  Y255A 5Ј-GGAATTACCGTCAGCGGGATTATTCAAA-3Ј Y255F 5Ј-GGAATTACCGTCAAAGGGATTATTCAA-3Ј
The mutated nucleotides are in boldface type. To ensure that only the desired mutations had been introduced into xynA', the complete sequences of the xynA' derivatives were determined using an ABI 373 DNA sequenator.
Enzyme Purification and the Source of the Substrates-XYLA and its derivatives were purified to homogeneity, according to SDS-polyacrylamide gel electrophoresis, from 1.2 liters of stationary phase cultures as described previously (16) . Circular dichroism spectroscopy indicated that the structures of the mutant enzymes were very similar to wild type XYLA (wtXYLA; data not shown). Cex was purified as described previously (17) . The source and preparation of substrates used in this study were described elsewhere (13) with the exception of 3 H-reducing end-labeled xylooligosaccharides and oligosaccharides larger than xylohexaose (X 6 ). Xylooligosaccharides up to X 6 were labeled by DuPont at the reducing end to an approximate specific activity of 2500 mCi/mmol, using the method of Evans et al. (18) . This method is preferred over reduction with [ 3 H]sodium borohydride, since it does not result in the reduction of the terminal sugar unit to xylitol. To synthesize tritiated xylooligosaccharides larger than X 6 , 1.5 mol of tritiated X 6 (37.5 mCi) were incubated with 1 g of Cex in 50 mM sodium phosphate, 12 mM citrate buffer (PC buffer), pH 6.5, containing 1 mg/ml bovine serum albumin for 90 min at 37°C in a final volume of 102 l. The reaction was terminated by boiling for 30 min and then subjected to size exclusion chromatography using a 15 ϫ 700-mm Bio-Gel P2 column (BioRad). Oligosaccharides were eluted with distilled water at 10 ml/h at 65°C. Fractions were analyzed by liquid scintillation counting and then HPLC, as described previously (13) , and those containing purified tritiated xyloheptaose (X 7 ), xylooctaose (X 8 ), and xylononaose (X 9 ) were frozen at Ϫ20°C and retained for further use.
Enzyme Assays-Protein determinations and the assays for determining the activity of XYLA and Cex against xylan and aryl ␤-glycosides were described previously (13) . Each assay was performed in duplicate. To evaluate the activity of the two xylanases against xylooligosaccharides, 0.02-460 nM of enzyme (depending on the substrate and the activity of the XYLA derivative) were incubated with 2-14 M of substrate in PC buffer, pH 6.5, containing 1 mM calcium acetate for up to 200 min. At regular time intervals, a 0.5-ml aliquot was removed, the enzyme was inactivated by boiling for 30 min, and the xylooligosaccharides in the samples were quantified by HPLC as described previously. The progress curves of oligosaccharide cleavage, a typical example of which is shown in Fig. 1 , were used to determine the k cat /K m of the reaction using the following equation described by Matsui et al. (19, 20) , 
The concentration of substrate in these reactions was Ͻ ϽK m for xylotriose (X 3 ) and was low enough to prevent transglycosylation reactions from occurring.
To determine the frequency with which XYLA and Cex cleaved each glycosidic bond in the xylooligosaccharides analyzed (bond cleavage frequency; BCF), 0.02-460 nM of each of the two enzymes were incubated with the different substrates (5-10 M) in PC buffer at 37°C for up to 1 h. Two aliquots were removed, one when approximately 20% of the substrate had been degraded and the other when approximately 80% of the oligosaccharide had been hydrolyzed but before the primary products released had been cleaved. When using X 3 , xylotetraose (X 4 ), and X 5 as substrates, the products could be analyzed when all of the dp, degree of polymerization; HPLC, high performance liquid chromatography; PNPC, 4-nitrophenyl ␤-cellobioside; XYLASL, S. lividans xylanase A; X 3 , xylotriose; X 4 , xylotetraose; X 5 , xylopentaose; X 6 , xylohexaose; X 7 , xyloheptaose; X 8 , xylooctaose; X 9 , xylononaose; PNPX 2 , 4-nitrophenyl ␤-xylobioside. substrate had been degraded, since X 3 is very slowly hydrolyzed compared with the tetra-and pentaoligosaccharides. However, when evaluating X 6 or larger oligosaccharides, sampling occurred much earlier in the reaction to minimize product hydrolysis. To inactivate enzyme, the aliquots removed were boiled for 30 min and then subjected to HPLC analysis; after eluting the oligosaccharides from the Dionex Carbopac PA100 HPLC column, the eluate was passed through a pulsed amperometric detector so that the oligosaccharides generated could be quantified and then collected in 100 fractions (100 l/fraction), and the tritium present was determined using a Beckman scintillation counter. Each experiment was repeated twice, and there was no significant variation in the proportion of tritiated oligosaccharide products contained in the two aliquots taken from each sample. A typical example of the elution profile of 3 H-labeled xylooligosaccharides from the HPLC Carbopac PA100 column is shown in Fig. 2 . The BCF and k cat /K m data obtained from these experiments were used to calculate the ⌬G of xylose binding at each of the subsites, following the method of Suganuma et al. (21) . The equation used to calculate the free energy of ligand binding was as follows.
The kinetic parameters are as follows: k cat /K m (X a ) represents k cat /K m for a xylooligosaccharide of degree of polymerization (dp) a; BCF (X a ) b represents bond cleavage frequency for glycosidic bond b of a xylooligosaccharide of dp a; R is the gas constant (8.314); and T is temperature (Kelvin).
The pre-steady state kinetics of the enzyme reactions, using aryl ␤-glycosides, were determined using stopped flow apparatus as described previously (13) . The apparent first order rate constant for the exponential pre-steady state phase of the reaction was determined using nonlinear least squares regression, which fitted Equation 3, where A is the steady state rate constant, B is the extrapolated value of the pre-steady state burst of product release, and k' is the rate constant for the pre-steady state phase of the reaction.
RESULTS AND DISCUSSION
Comparison of Xylan and Xylooligosaccharide Hydrolysis by XYLA and Cex-Previous studies have clearly shown that the two family 10 xylanases, P. fluorescens XYLA and C. fimi Cex, exhibit very different activities against aryl ␤-xylosides and xylobiosides (12, 13, 22) ; Cex has k cat /K m values 30 -200 times higher than XYLA for these substrates. To investigate whether the C. fimi enzyme is also more active against natural substrates, the relative activities of the two enzymes against both xylooligosaccharides and xylan were investigated. The data, displayed in Table I , showed that XYLA and Cex had similar activities against xylan. HPLC analysis of the products released from xylan revealed that Cex generated significant quantities of xylobiose at a much earlier stage of xylan hydrolysis compared with XYLA (Fig. 3) . In contrast, Cex was 20-fold more active against X 4 , 10-fold more active against X 5 , and 3-fold more active against X 3 than XYLA. Both enzymes exhibited similar activities against X 6 (Fig. 4) . It could be argued that the release of xylobiose from xylan by Cex is a result of the enzyme exhibiting an exo-mode of action as suggested by At regular time intervals, aliquots were removed, and the hydrolysis of the substrate was determined by HPLC (13) .
FIG. 2. HPLC analysis of the hydrolysis of
3 H by XYLA. Tritiated xylopentaose was incubated with PC buffer (q), wtXYLA (f), and Y255A (OE) for 30 min, and the samples were boiled for 30 min and then subjected to HPLC. The elution of 3 H-labeled xylooligosaccharides from the Carbopac PA100 column was determined by liquid scintillation counting. The positions where xylose (1), xylobiose (2), X 3 (3), X 4 (4), and X 5 (5) were eluted from the column are indicated.
MacLeod et al. (23) . To test this hypothesis, the substrate concentration was increased to 1% (w/v), and the products released during the very early stages of hydrolysis were analyzed by HPLC. No xylobiose was detected in the initial products, despite the generation of significant reducing sugar (data not shown), indicating that Cex is a true endoxylanase, and the xylobiose produced is presumably derived from the hydrolysis of xylooligosaccharide products, an observation confirmed in later experiments. The endo-mode of action of Cex is consistent with the crystal structure of the enzyme (5), which showed that the substrate binding region consisted of a deep open cleft.
The 30-fold difference between the activities of the two enzymes against 4-nitrophenyl ␤-xylobioside (PNPX 2 ), compared with only a 3-fold difference for X 3 (Table I and Fig. 4) , probably reflects the way that the aryl moieties are accommodated in the ϩ1 site of the substrate binding cleft; presumably, the phenolic ring exhibits higher affinity for the ϩ1 site of Cex than XYLA. The tighter binding to the C. fimi xylanase of the substituted aromatic ring results in the efficient formation of a productive complex, and thus glycosylation would be very fast, with k 3 being the rate-limiting step in the reaction, leading to the accumulation of the glycosyl-enzyme intermediate and a low K m value for catalysis. In contrast, the poor binding of the aryl moiety to XYLA results in glycosylation being the rate-limiting step in catalysis, hence the high K m value, since the glycosylenzyme intermediate does not accumulate. This view of the influence of the aryl moiety on catalysis is supported by previous studies which showed that glycosylation and deglycosylation were the rate-limiting steps in PNPC hydrolysis by XYLA and Cex, respectively (13, 23) .
The Topology of the Substrate Binding Site of XYLA and Cex-Currently, it is unclear whether the topology of the substrate binding clefts of family 10 xylanases are highly conserved. To investigate the substrate binding clefts of XYLA and Cex, the two enzymes were incubated with xylooligosaccharides with dp of 3-9 labeled at the reducing end with 3 H, and BCFs were determined. The substrates were labeled by catalytic tritium gas exchange (18) rather than reduction with radioactive sodium borohydride to prevent any perturbations to oligosaccharide structure. We utilized low substrate concentrations to prevent transglycosylation reactions. BCF data (Table II) showed that XYLA hydrolyzed X 3 exclusively at glycosidic bond 1, X 4 at bonds 1 and 2, X 5 exclusively at bonds 2 and 3, X 6 preferentially at glycosidic bonds 3 and 4, X 7 mainly at glycosidic bond 4, X 8 at predominantly glycosidic bonds 4 and 5, and X 9 at glycosidic bonds 4, 5, and 6.
The binding energies at each of the subsites were calculated essentially as described under "Experimental Procedures." Theoretical constraints preclude the accurate calculation of binding energies at subsites Ϫ1 and ϩ1, but these can only be jointly estimated from the K m of an oligosaccharide that is longer than the substrate binding cleft (21) . However, as such a value would not give the amount of positive binding energy at the ϩ1 site and the negative binding energy at the Ϫ1 site, these values were not not determined. The binding energies of the discrete subsites of XYLA are displayed in Fig. 5 . The data indicate that the XYLA substrate binding cleft contains seven xylose subsites, four that bind to the aglycone and three that interact with the glycone region of the substrate. All of the subsites (except Ϫ1 and ϩ1, which could not be individually determined) contributed toward initial substrate binding. The largest release of free energy, when the substrate and enzyme formed a productive complex, occurred at the Ϫ2 subsite. These data are consistent with previous studies that showed that X 5
FIG. 3. HPLC analysis of xylan hydrolysis by XYLA.
In A and B, respectively, XYLA (14 M) and Cex (20 M) were incubated with 0.2 mg/ml xylan as described previously (13) . At intervals, aliquots were removed at 0 (1), 5 (2), 10 (3) 554 (4), and 930 min (5); boiled for 30 min to inactivate the enzyme; and then subjected to HPLC. The positions at which xylose (a), xylobiose (b), X 3 (c), X 4 (d), X 5 (e), and X 6 (f) were eluted from the HPLC column are indicated. The values in parenthesis are the quantity of reducing sugar released from the xylan at each time point in g/ml. occupied the Ϫ1 to ϩ4 subsites when soaked into XYLA crystals, suggesting that the enzyme contains at least four aglycone binding sites (4) and with the observation that XYLA is more active against X 6 than X 5 , indicating that the enzyme contains at least six xylose subsites (13) . The substantial decrease in the activity of XYLA against xylooligosaccharides, when the Ϫ2 subsite has been disrupted, is also consistent with the release of a large amount of free energy at this subsite when the enzyme forms a productive complex with its substrate. It is interesting to note that the presence of more binding sites that accommodate the aglycone rather than the glycone region of the substrate is counterintuitive for a glycosyl hydrolase that cleaves glycosidic bonds via a double displacement mechanism; once glycosidic bond cleavage has occurred, the aglycone region of the substrate must leave the active site prior to the cleavage of the glycosyl-enzyme intermediate via an activated water molecule. If the aglycone region of the cleft binds tightly to the substrate, then transglycosylation reactions will occur at high frequency. Indeed, inspection of the topology of the active sites of other glycosyl hydrolases has shown that, in general, either these enzymes contain equal numbers of binding sites in the glycone and aglycone regions of the active site or there are more glycone subsites. The evolution of an enzyme with more aglycone subsites probably reflects the respective affinities of the individual subsites for xylose molecules.
The number, and ligand affinities, of the subsites of Cex were also determined by measuring the BCFs and k cat /K m of xylooligosaccharide hydrolysis by the xylanase. The data, displayed in Fig. 5 , showed that Cex contained three glycone binding sites and two aglycone binding sites. The free energies of productive binding at the subsites of Cex (Fig. 5) again show that the Ϫ2 site plays an important role in substrate binding. It is interesting to note that X 6 is preferentially cleaved at glycosidic bond 2 (Table II) . It could be argued that this result points to a functional Ϫ4 subsite; however, the rates for X 5 and X 6 hydrolysis by the enzyme are very similar, indicating that the xylanase only contains five subsites. The asymmetric cleavage of X 6 could be explained by the topology of the ϩ2 subsite, which may bind a xylose molecule with a free reducing end more efficiently than a pentasaccharide whose C-1 is linked to another sugar moiety. It is possible that a residue at the ϩ2 site can donate a hydrogen bond from the C-1 OH group in the ␣ or ␤ configuration. Clearly, the ϩ2 site can still accommodate internal xylose residues; otherwise, Cex would function as an exoxylanase. These data also confirm that the accumulation of xylobiose during the initial phases of xylan hydrolysis by Cex is consistent with the capacity of the enzyme to release significant quantities of the disaccharide from a range of xylooligosaccharides. It could be argued that the generation of the disaccharide by Cex had conferred an evolutionary advantage on C. fimi, if the bacterium were able to rapidly transport the disaccharide. However, until a detailed analysis of xylooligosaccharide trans- FIG. 4 . Rate of xylooligosaccharide hydrolysis by XYLA and Cex. XYLA (E) and Cex (q) were incubated with different xylooligosaccharides as described in the legend to Fig. 1 , and the rate of substrate hydrolysis was used to calculate k cat /K m . port by this Gram-positive prokaryote has been performed, the proposal must be viewed as highly speculative. From the data shown in Fig. 4 , the hydrolysis of X 4 by XYLA and Cex was, respectively, 90-and 748-fold more efficient than the cleavage of X 3 by these enzymes. The BCFs for both substrates indicated that productive complexes were essentially only formed when the two oligosaccharides occupied the Ϫ2 and Ϫ1 subsites of the xylanases. Thus, the deglycosylation reaction was identical for both substrates, with the glycosylenzyme intermediate comprising XYLA or Cex covalently joined to xylobiose. It is apparent, therefore, that the catalytic improvement in cleavage of X 4 , compared with X 3 , was due to an increase in the glycosylation rate. Thus, the glycosylation step in catalysis is the rate-limiting step for the hydrolysis of X 3 by both xylanases. Interestingly, the substitution of the reducing end xylosyl residue of X 3 for 4-nitrophenol (PNPX 2 ) resulted in k cat /K m increases of 10,654-and 1008-fold, respectively, for XYLA and Cex (Table I) . These substantial increases in catalytic efficiency illustrate the beneficial influence of aryl moieties at the ϩ1 site of these enzymes during the glycosylation reaction and provide further support for this step being the rate-limiting component of the overall reaction. It is unlikely that the increase in catalysis is a result of the aryl groups binding more efficiently at the ϩ1 site; rather, it is probably a reflection of the capacity of the substituted phenolic rings to function as excellent leaving groups. Hence, there is little requirement for the glycosidic oxygen to be protonated during the glycosylation step.
The data presented above clearly show that the topology of the substrate binding cleft of family 10 enzymes is not conserved. This is supported, to some extent, by the structures of the four family 10 enzymes available (4 -7). Although the Ϫ2, Ϫ1, and ϩ1 regions of these proteins are very similar, there is a marked lack of sequence and structural conservation in the distal aglycone region of the substrate binding cleft. Currently, it is unclear whether XYLA or Cex (or neither enzyme) will constitute the best model for studying the substrate binding cleft of family 10 xylanases. Previously, BCFs of xylooligosaccharides by a third family 10 xylanase, XYLASL, were determined (24) . The data showed that the enzyme contained at least three xylose binding sites in the glycone and aglycone regions of the cleft, although the substrate binding cleft may have been larger, since BCFs of substrates ϾX 6 were not evaluated. Analysis of the bond cleavage data and catalytic efficiency of a family 10 xylanase from Cryptococcus albidus, indicated that the enzyme has four binding sites, two on each side Table II. of the scissile bond of the substrate (25) . Thus, although the three-dimensional structures of family 10 xylanases in the center of their active sites are highly conserved, as are their hydrolytic properties against xylan, the topology of the substrate binding clefts of these glycosyl hydrolases is very variable, which in turn is reflected in the different activities these enzymes have against xylooligosaccharides.
Asn-44 Plays a Role in Ligand Binding at both the Ϫ3 and Ϫ2 Subsites of XYLA-In a previous study, we showed that N44A exhibited similar properties to E43A; both mutants had very low activity against xylooligosaccharides but not against xylan. We suggested that this asparagine residue plays a critical role in xylose but not glucose binding at the Ϫ2 site (13) , and this view is supported by further results, presented in this report, that show that N44A has an increased K m and reduced k cat against PNPX 2 compared with native XYLA (Table I) . However, given that Asn-44 is positioned in the distal region of the Ϫ2 subsite, it is possible that this residue plays an important role in sugar binding at both the Ϫ2 and Ϫ3 subsites. To investigate this possibility, we used X 6 and X 4 labeled with 3 H at the reducing end to establish the subsites occupied by the substrate when hydrolyzed by N44A. The data presented in Table II These results indicate that the Ϫ3 subsite exhibits a weaker affinity for its ligand in the mutant enzyme compared with native XYLA and that X 6 and X 4 preferentially bind to subsites Ϫ2 to ϩ4 and Ϫ2 to ϩ2, respectively. We propose, therefore, that Asn-44 plays an important role in ligand binding at both the Ϫ3 and Ϫ2 subsites. Recent studies (12) have shown that the equivalent residue to Asn-44 in Cex forms a hydrogen bond with C-3-OH of the distal xylose of the covalently bound 2-deoxy-2-fluoroxylobiosyl-enzyme complex. Given the conservation of the position of Asn-44 in XYLA and Cex, it is likely that the interaction of the asparagine residue with the xylose moiety at the Ϫ2 site is conserved in the two enzymes; however, the nature of the xylose-Asn-44 interaction at the Ϫ3 site remains to be elucidated.
Effect of the E43A/N44A Double Mutation on XYLA Activity-Data presented in this report and in a previous study (13) showed that E43A and N44A reduced ligand binding at the Ϫ2 site, and the asparagine residue also played a role in sugar interactions at the Ϫ3 site. In addition, the Ϫ2 site in both the single mutants was functional, since hydrolysis of end-labeled X 4 by these derivatives generated [ (Table II) . Interestingly, while both mutants exhibited a significant reduction in activity toward xylooligosaccharides, they retained full activity against xylan and 2,4-dinitrophenyl ␤-cellobioside (DNPC). To investigate whether the Ϫ2 subsite does indeed play an important role in xylan hydrolysis by XYLA, the activity of the E43A/N44A double mutant against the polymeric substrate was assessed. If Glu-43 and Asn-44 are interacting with different regions of the xylose residue at the Ϫ2 site, it is likely that the double mutant enzyme will exhibit reduced affinity for its ligand, compared with either N44A or E43A, and thus the functional importance of the subsite can be analyzed using the double mutant. To verify that the E43A/ N44A double mutation had an additive effect on reducing xylose binding at the Ϫ2 site, we assessed the capacity of the enzyme to hydrolyze xylooligosaccharides and aryl ␤-glycosides. The data, presented in Table III , showed that there was a reduction in the activity of the mutant enzyme against the xylooligosaccharides, compared with either E43A or N44A, confirming that xylose binding at the Ϫ2 subsite in the double mutant is reduced compared with either E43A or N44A. Surprisingly, PNPC hydrolysis by the double mutant was 4 times more efficient than E43A (Table I) . Although the Ϫ2 subsites of the four family 10 xylanases (whose crystal structures have been solved) are very similar (4 -7), Tyr-87, which is adjacent to Asn-44 in XYLA, has the potential to sterically hinder the C-5-hydroxymethyl group of a glucose moiety positioned at this subsite. The increase in PNPC activity suggests that the E43A/ N44A mutation appeared to generate more room for the accommodation of the C-5-CH 2 OH moiety at the Ϫ2 subsite, thus reducing the energetically unfavorable interaction with Tyr-87 and generating a slightly greater affinity for a glucosyl residue at the Ϫ2 subsite than in E43A.
In contrast to the hydrolysis of DNPC, E43A/N44A exhibited significantly lower activity against xylan than native XYLA, indicating that at least some interaction between the polysaccharide and the Ϫ2 subsite is required for efficient hydrolysis of this substrate. It is interesting to note that the enzyme can still hydrolyze xylan efficiently when ligand binding at the Ϫ2 subsite is reduced by single amino acid substitutions; however, a more substantial reduction in xylose affinity at this subsite clearly compromises the activity of the enzyme against polymeric molecules. It remains to be established whether other family 10 enzymes exhibit a similar plasticity in ligand binding at the Ϫ2 subsite when hydrolyzing polymeric substrates.
To assess how the E43A/N44A mutation has affected the positioning of xylooligosaccharides in the substrate binding cleft, the BCFs of X 3 and X 4 by the XYLA mutant were analyzed. The data, presented in Table II , showed that X 3 only formed a productive complex with XYLA if it occupied the Ϫ2 subsite. Thus, although the double mutation has caused a dramatic reduction in the affinity of the Ϫ2 site for xylose residues, it still plays a dominant role in XYLA's capacity to form a productive complex with xylooligosaccharides. The shift in the BCF of X 4 to glycosidic bond 1 indicates that the substrate predominantly occupies subsites Ϫ3 to ϩ1 in the productive complex. This is a particularly interesting result, since the enzyme has forfeited ligand binding at the ϩ2 site, which is intact, for increased occupation of the Ϫ3 and Ϫ2 subsites, whose affinities for the substrate are significantly reduced. Presumably, it is important that the xylose moiety at the Ϫ1-position is stabilized by substrate binding to the glycone region of the cleft. A reduction in ligand binding in this part of the active site is partially compensated for by the substrate occupying both the Ϫ2 and Ϫ3 binding sites, which would increase stabilization afforded from the glycone region of the cleft by 4 , and X 5 was 1, 93, and 1500, respectively (13) . substrate binding at the Ϫ1 subsite.
Amino Acids That Influence the Catalytic Residues-In a previous study (11) , it was suggested that Trp-84 and Gln-203 played a pivotal role in positioning the acid-base residue Glu-127, via hydrogen bonds, within the active site of Cex; Gln-213, the equivalent residue in XYLA Gln-203, accepts a hydrogen bond from Asn-126 and donates a hydrogen bond to O-⑀1 of Glu-127, while N-⑀1 of Trp-83, the equivalent residue to Trp-84 in Cex, donates a hydrogen bond to Glu-127, thus stabilizing the position of the acid-base catalyst (Fig. 6) . To investigate the functional importance of the corresponding residues in XYLA, the catalytic activities of W83A and Q213A mutants of the xylanase were investigated. The data, presented in Table I , showed that both W83A and Q213A exhibited a significant reduction in activity against xylan and DNPC and, in the case of the latter substrate, there was also a substantial reduction in K m . The decrease in K m is consistent with the accumulation of the glycosyl-enzyme intermediate, indicating that both mutations appear to have changed the rate-limiting step of DNPC hydrolysis from glycosylation to deglycosylation. Further evidence to support this view was obtained by studying the presteady state kinetics of the reaction; in the two mutants, there was a rapid pre-steady state burst of 2,4-dinitrophenol (DNP) release, which did not occur with wtXYLA (11) . As shown in Fig. 7 for the XYLA mutants, the first-order rate constant for the pre-steady state burst of DNP release showed a linear dependence on substrate concentration, suggesting that kЈ ϭ (k 2 /K 1 )[S] ϩ k 3 , where K 1 ϭ k Ϫ1 /k 1 . The appearance of a presteady state burst of DNP release, an example of which is displayed in Fig. 8 , coupled with the observation that k 3 , obtained from the intercept at the y axis, approximates to k cat derived from steady state kinetics (Table I ), suggests that k 2 is much greater than k 3 , since k cat ϭ (k 2 k 3 )/(k 2 ϩ k 3 ), and when k 2 Ͼ Ͼ k 3 k cat ϭ k 3 . These data are consistent with the mutations FIG. 6 . Stereo view of subsites ؊1 to ؉4 of XYLA. The amino acids that are the major focus of this paper are represented in licorice form with carbon, nitrogen, and oxygen atoms colored green, blue, and red, respectively. Residues entirely in blue are the xylose moieties bound to the aglycone region of the active site. The figure was prepared using Quanta software. A shows the amino acids that influence the function of the two key catalytic carboxylate amino acids, Glu-246 (nucleophile) and Glu-127 (acid-base). The indole N of Trp-83, by forming a hydrogen bond with Glu-127 O-⑀1, has the potential to stabilize the position and influence the pK a of the acid-base residue. Gln-213 N-⑀2 has the potential to form a hydrogen bond with Glu-127 O-⑀2 and Asn-126 O-␦1 and thus could influence the function of the acid-base residue by affecting its position and ionization state directly or indirectly by affecting the location and pK a of Asn-126, a residue that is known to strongly affect the function of Glu-127 (11) . Asp-248 affects the function of the nucleophile by influencing the position of His-215, which, by forming a hydrogen bond with Glu-246 O-⑀1, stabilizes the location of the carboxylic amino acid. B shows how Phe-181 is in an ideal position to interact with the substrate at the ϩ1 subsite via hydrophobic stacking with the xylose pyranose ring, while Asn-182 is in an appropriate position to form a hydrogen bond with a xylose unit at the ϩ2 subsite. Asp-131 is too far away from the substrate to make a direct contact with the sugar residues but could influence ligand binding at the ϩ2 subsite by affecting the position of Asn-182. Lys-189 could form hydrogen bonds with Asp-131 and thus could influence the position of these residues, which would affect ligand binding at the ϩ2 subsite. The positively charged side chain amine of Lys-189 could also form ionic interactions that play a pivotal role in maintaining the structural integrity of the ϩ1 subsite. C shows how the aryl side-chains of Tyr-255 and Tyr-220 have the potential to form hydrophobic interactions with sugar residues at the ϩ3 and ϩ4 subsites, respectively. Glu-184 and Glu-185 appear to be capable of forming hydrogen bonds with a xylosyl moiety positioned at the ϩ3 subsite.
causing a perturbation to the function of the acid-base catalytic residue, Glu-127. When XYLA is cleaving a substrate, such as DNPC, which contains a good leaving group, the acid-base catalyst is not required to protonate the glycosidic oxygen during the glycosylation reaction; hence, the rate of formation of the glycosyl-enzyme intermediate will not be affected by the loss of function of the acid-base residue. However, the hydrolysis of the glycosylated enzyme does require Glu-127 to activate a water molecule. Thus, the accumulation of the glycosylenzyme intermediate causes a reduction in K m and a presteady state burst of DNP release. To summarize, the effects of the W83A and Q213A mutations on the catalytic activity of XYLA are entirely consistent with these residues playing an important role in the function of the catalytic acid-base residue, either by influencing its position in the active site or by affecting the pK a of the carboxylate side chain.
The deprotonation and position of the catalytic nucleophile (Glu-246), is maintained in part by a hydrogen bond donated from His-215 N-⑀2 to Glu-246 O-⑀1. The ionization state and position of His-215 is maintained by a hydrogen bond between His-215 N-␦1 and Asp-248 O-␦2. To investigate the importance of Asp-248 in the catalytic activity of XYLA, the biochemical properties of the D248A mutant were analyzed. The data (Table I) showed that the mutant's k cat against xylan, DNPC, and PNPX 2 was substantially reduced, and the enzyme exhibited no activity against PNPC. Although the K m of D248A against PNPX 2 and xylan was similar to wtXYLA, its K m against DNPC was greatly reduced. In addition, the mutant enzyme generated a rapid pre-steady state burst of DNP release (Fig.  8) , consistent with deglycosylation being the rate-limiting step of the reaction. The value for k 3 , estimated from the intercept at the y axis of Fig. 7 and given in Table IV , is similar to k cat , determined from the steady state reaction. The analysis of the rate constant for the pre-steady state exponential phase of the reaction as a function of substrate concentration shows that, as with the other mutants, k 2 is much greater than k 3 for D248A (Fig. 7) . This is a somewhat surprising result, since one would predict that a reduction in K m indicates that the mutation is influencing the function of the acid-base residue, and Asp-248 is too distant from this residue to play a direct role in maintaining either its pK a or position (Fig. 6) . Thus, we suggest that the D248A mutation caused a slight repositioning of the nucleophile residue, such that it can still attack the glycosidic carbon of the xylose moiety located at the Ϫ1 subsite at a relatively rapid rate. However, subsequent deglycosylation occurs very slowly, since this step requires base-assisted proton abstraction from a water molecule, and the activated water molecule will now be located further from the anomeric carbon than in the native XYLA.
The data presented in Table I showed that the reduced rate
of PNPX 2 and xylan hydrolysis by D248A was not associated with a fall in K m or, in the case of PNPX 2 , with a pre-steady state burst of 4-nitrophenol release. This is likely to reflect the poorer leaving group of these substrates, which requires significant proton donation to the glycosidic oxygen to elicit bond cleavage. Since the catalytic residues are presumably further apart in this derivative, the concerted action of proton donation and nucleophilic attack, required for glycosylation, is a very inefficient process. Thus, since glycosylation is still the ratelimiting step in catalysis, only k cat will be reduced, not K m .
Phe-181 Plays a Role in Ligand
Binding at the ϩ1 SubsiteThe refined crystal structure of the inactive E246C mutant of XYLA complexed with X 5 indicated that Phe-181 was capable of forming a hydrophobic stacking interaction with the pyranose ring of the xylose residue positioned at the ϩ1 subsite (Fig. 6) . To investigate whether this aromatic residue plays a critical role in ligand binding at the ϩ1 subsite, we have created an F181A mutation in XYLA and investigated the catalytic properties of the mutant enzyme. The data, presented in Table III , showed that there was a significant decrease in the catalytic performance of the mutant against X 3 , X 4 , and X 5 , with the activity decreasing as the chain length of the xylooligosaccharides increased. We suggest that the reduction of xylose binding at the ϩ1 sites increases the capacity of oligosaccharides to form dead end complexes by binding from the ϩ2 to the ϩ4 subsites or the Ϫ3 to Ϫ1 subsites of the mutant enzyme. These complexes will block the formation of productive complexes in which the substrate must occupy the Ϫ1 and ϩ1 subsites of the enzyme. This possibility is supported by the observation that, against xylan, F181A exhibited only a modest reduction in catalytic activity. The polymeric structure of xylan will ensure that when the molecule binds from the ϩ2 to ϩ4 or from the Ϫ3 to Ϫ2 subsites, adjacent xylose residues will fill sites ϩ1 and Ϫ1, ensuring the formation of an active complex. It is interesting to note that a similar phenomenon occurred when the Ϫ2 subsite was disrupted by the mutation E43A or N44A (13) . We propose that strong ligand binding at both the Ϫ2 and ϩ1 subsites is required for small substrates to preferentially form productive complexes with XYLA; however, a reduction (but not a complete loss) in ligand binding of polysaccharides at either subsite does not dramatically affect the capacity of the substrate to form productive complexes with the enzyme.
To investigate whether Phe-181, in addition to contributing to the binding of xylose residues at the ϩ1 subsite, also interacts with the phenolic rings of aryl ␤-glycosides, we have evaluated the activity of the mutant enzyme against PNPC and DNPC. The data, presented in Table V, showed that the F181A mutation caused a 10-fold reduction in k cat against PNPC, but the activity of the mutant enzyme against DNPC was similar to wtXYLA. These data indicate that the aromatic residue does form a weak stacking interaction with the phenolic ring of PNPC, which contributes to cleavage of this substrate and, by inference, other aryl ␤-glycosides hydrolyzed by XYLA.
Evidence that Asn-182 Plays an Important Role at both the ϩ2 and ϩ3 Subsites-Previously, we showed that N182A released xylose and X 3 preferentially from X 4 , while the wild type enzyme hydrolyzed the substrate to mainly xylobiose (13) . We argued that these data indicated that ligand-binding at the ϩ2 subsite had been reduced (13) . To investigate whether X 4 preferentially bound to the N182A mutant from Ϫ3 to ϩ1 or from Ϫ1 to ϩ3, we analyzed the products generated from the tetrasaccharide that had been labeled at the reducing end with 3 H. The data presented in Table II showed that [   3   H ]xylose accounted for approximately 60% of the product, but no labeled X 3 was observed. These results indicate that the increased accumulation of the tri-and monosaccharide by N182A was due to greater substrate occupation of subsites Ϫ3 to ϩ1 rather than Ϫ1 to ϩ3.
Inspection of the crystal structure of XYLA complexed with X 5 suggested that N182A is in the distal region of the ϩ2 site and could therefore potentially interact with sugars occupying a The kinetic constant k 3 was determined using linear regression to determine the intercept at the y axis of the plots displayed in Fig. 7 . the ϩ2 and ϩ3 subsites by hydrogen bonding to the hydroxyl groups of the pyranose rings or the glycosidic oxygen linking the two sugars (Fig. 6 ). To investigate this possibility, we incubated N182A with 3 H-labeled X 5 and analyzed the products generated. The data, displayed in Table II, showed that there was a significant increase in the generation of [
3 H]xylobiose compared with the wild type enzyme, indicating that Asn-182 plays a role in ligand binding at both the ϩ2 and ϩ3 subsites. It is interesting to note that the equivalent residue in the Streptomyces enzyme XYLASL, Asn-173, appeared to only contribute to xylose binding at the ϩ3 site of this family 10 xylanase (14) . Inspection of the crystal structures of the Pseudomonas and Streptomyces enzymes showed that Asn-182 and Asn-173 were in identical positions in the two enzymes (4, 6) , and thus it was not immediately apparent why Asn-182 and not Asn-173 should contribute to ligand binding at the ϩ2 site. It is possible that in the S. lividans enzyme the presence of other residues at the ϩ2 site that are not present in XYLA dominate binding at this subsite, and thus the loss of Asn-173 function at the ϩ2 subsite has a much smaller effect on ligand binding than the N182A mutation in XYLA. This view is supported by the higher affinity for xylose residues at the ϩ2 site (2.25 kcal/mol) compared with the Ϫ3 site (0.67 kcal/mol; calculated from the data in Ref. 14) in XYLASL. A candidate residue that could contribute to binding at the ϩ2 site in XYLASL, which is not present in XYLA is Trp-179. This aromatic amino acid could potentially stack with the pyranose ring of the xylose residue at the ϩ2 subsite, and this interaction could dominate ligand binding at this subsite.
The Role of Asp-131 and Lys-189 in the Aglycone Region of the Substrate Binding Cleft-Both Asp-131 and Lys-189 are located at the surface of the ϩ2 subsite of XYLA and are highly conserved in family 10 xylanases (Fig. 6) . Although the residue appeared to be too distant from the nearest saccharide unit OH group to accept a hydrogen bond directly from the substrate, Asp-131 O-␦2 is located within hydrogen bonding distance of Asn-182 N-␦2 and thus could contribute toward xylose binding by stabilizing the position of this asparagine residue. To investigate this possibility, Asp-131 was mutated to alanine, and the effect of this mutation on ligand binding was assessed. The data, presented in Table III , showed that D131A was less active than the wild type enzyme against X 4 , but the mutation did not influence the capacity of XYLA to cleave X 3 . Analysis of the site of bond cleavage, using labeled X 4 , revealed that the enzyme generated significantly more [ 3 H]xylose than the native xylanase (Table II) , indicating that the substrate preferentially occupied subsites Ϫ3 to ϩ1. These data suggest that Asp-131 does play a role in xylose binding at the ϩ2 site. To investigate further the function of Asp-131, we constructed a N182A/ D131A double mutant to assess whether the two residues had an additive effect on ligand binding. The data, presented in Tables II and III, indicated that the double mutant had an effect on substrate binding at the ϩ2 site similar to that of either of the single mutations, suggesting that both residues were affecting the same ligand-enzyme interaction(s). Thus, we propose that Asp-131 is affecting ligand binding at the ϩ2 site by influencing the function of Asn-182.
Lys-189 is in close proximity to Asp-131 and Asn-182 and could thus contribute to the integrity of the ϩ2 site by influencing the position of the aspartate and/or asparagine residues (Fig. 6 ). To investigate this possibility, we evaluated the capacity of K189A to hydrolyze X 4 . The data, presented in Tables II and III, showed that the mutant enzyme hydrolyzed the substrate considerably more slowly than native XYLA and generated substantially more X 3 and xylose than xylobiose. These data indicate that the K189A mutation has reduced the ligand binding capacity of the ϩ2 subsite and support the view that the basic amino acid plays an integral role in maintaining the structure of this subsite, either by stabilizing Asn-182 or, indirectly, via a modulation of the position and/or ionization state of Asp-131. Interestingly, the K189A mutation also reduced the activity of XYLA against X 3 (Table III) and PNPC (Table V) . However, the K189A mutation caused a smaller reduction in k cat /K m against X 3 (3-fold) compared with F181A (18-fold), suggesting that the basic amino acid has only a minor role in ligand binding at the ϩ1 subsite. Inspection of the location of Lys-189 in XYLA indicates that the residue is too distant from the ϩ1 site to play a direct role in ligand binding at this location (Fig. 6) . The crystal structure of XYLA indicated that the side chain amine of Lys-189 is located in a semiburied position 4 Å from Phe-181. We suggest that the removal of the positively charged group could disturb the ionic interactions that stabilize this region of the substrate binding cleft.
The Role of at the ϩ3 Subsite-The crystal structure of the E246C inactive mutant of XYLA soaked with X 5 allowed the identification of Glu-184, Glu-185, and Tyr-255 as putative substrate binding residues at the ϩ3 subsite. To determine the role of these residues in ligand binding, alanine was substituted for these amino acids, and the capacity of the mutant enzymes to hydrolyze oligosaccharides was assessed. The activity of E184A and E185A against X 5 was reduced by approximately 50% (data not shown), and the mutants preferentially hydrolyzed glycosidic bond 2, while wtXYLA predominantly cleaved glycosidic bond 3 (Table II) . These data suggest that the two glutamate residues have a role in ligand binding at the ϩ3 subsite, presumably by forming hydrogen bonds with the xylosyl moiety occupying this subsite.
Inspection of the location of Glu-184 indicates that the residue, in addition to playing an important role at the ϩ3 subsite, could also be involved with ligand interactions at the ϩ2 subsite (Fig. 6 ). To evaluate this possibility, the activity of the E184A mutant against X 4 was assessed. No change in BCF or activity against this substrate was observed (Tables II and data  not shown) . It would appear, therefore, that in XYLA Glu-184 plays an important role only at the ϩ3 subsite. Interestingly, a carboxylate amino acid is conserved in this position in all other family 10 enzymes (3); however, as discussed above, at least two of these xylanases do not contain ϩ3 subsites. Thus, it would appear that the ligand binding role of Glu-184 is not conserved in all family 10 enzymes.
Glu-185 is located at the boundary of the ϩ3 and ϩ4 subsites, within hydrogen bonding distance of the OH group of Tyr-220, which appears to be located at the ϩ4 subsite (Fig. 6) . It is possible, therefore, that Glu-185 could be forming interactions that are important for substrate binding at both the ϩ3 and ϩ4 subsites. To investigate this possibility, the activity of E185A against X 6 was determined. No change in BCF was observed, indicating that Glu-185 does not influence xylose binding at the ϩ4 subsite of XYLA.
The mutant Y255A hydrolyzed X 5 predominantly (89%) at glycosidic bond 2, while wtXYLA hydrolyzed the substrate primarily at glycosidic bond 3 (Table II) . The mutant was approximately 50% less active against the oligosaccharide compared with the native enzyme (data not shown). Although these data clearly implicate Tyr-255 in ligand binding at the ϩ3 subsite, it was unclear whether sugar binding by this residue was mediated by an aryl/xylopyranose ring hydrophobic interaction and/or hydrogen bonding between the xylose moiety and the OH group of the amino acid. To resolve this issue, the BCF of X 5 hydrolysis by Y255F was analyzed. The data (Table II) revealed 57% of substrate hydrolysis occurring at glycosidic bond 2. As the phenylalanine substitution had less of an effect on BCF than the alanine mutation, it is possible that both a hydrophobic stacking interaction and a hydrogen bond are formed between the amino acid and the xylosyl residue occupying the ϩ3 subsite. However, the OH group is orientated into the ϩ2 subsite of the XYLA⅐X 5 complex and is too distant from the ϩ3 subsite to interact directly with the ligand at this location (Fig.  6 ). To determine whether Tyr-255 was forming an interaction with a xylosyl residue at the ϩ2 subsite, the activity of Y255A against X 4 was analyzed. The mutation did not affect either the BCF (Table II) or the rate of hydrolysis of this oligosaccharide by XYLA (data not shown).
The data presented above indicate that ligand binding at the ϩ3 subsite is dominated by a hydrophobic stacking interaction between the "sticky" face of a xylosyl residue and the aryl component of Tyr-255. Such interactions are strongest when the saccharide ring hydroxyl groups are equatorial (26) , and, as can be seen from Fig. 6 , this was the case in the XYLA⅐X 5 complex. The OH group of Tyr-255 is apparently important in maintaining the position of the aromatic ring, possibly via an interaction with Gln-318, rather than binding directly to the substrate. Glu-184 and Glu-185 also contribute to the ability of this subsite to bind xylose, albeit to a lesser extent.
Role of Ca 2ϩ at the ϩ3 Binding Site-In a previous study we showed that the loop after ␤-strand seven of XYLA is stabilized by the presence of a calcium-binding domain (15) . Residues in this loop appear to be at the surface of subsite ϩ3, suggesting that calcium may play a role in maintaining the integrity of subsite ϩ3. However, removal of calcium from the enzyme did not influence the activity of the enzyme against xylan, calling into question the role of the divalent ion in substrate binding. To provide a more detailed insight into the importance of calcium at the ϩ3 site, we have investigated the cleavage pattern of X 5 labeled at the reducing end with 3 H, by XYLA in the presence of EDTA and calcium. The data, displayed in Table II, showed that the addition of EDTA altered the bond cleavage preference of XYLA; the enzyme hydrolyzed X 5 preferentially at glycosidic bond 2. These data are entirely consistent with a reduction in ligand affinity at the ϩ3 binding site, suggesting that the calcium binding domain in extended loop 7 does play a role in maintaining the integrity of the ϩ3 subsite of XYLA. It is interesting to note that although the divalent ion alters the hydrolysis products generated from X 5 , it does not influence the capacity of the enzyme to cleave xylan. It would appear, therefore, that the primary role of the ϩ3 subsite is to facilitate the activity of XYLA against X 5 .
The Role of Tyr-220 at the ϩ4 Subsite-The crystal structure of XYLA⅐X 5 indicates that Tyr-220 could play an important role in ligand binding at the ϩ4 subsite (Fig. 6) . To evaluate the function of this residue in the substrate binding cleft, the mode of action of Y220A and Y220F against X 6 and X 7 was investigated. The data, displayed in Table II , showed that Y220A exhibited a substantial reduction (79%) in cleavage of glycosidic bond 4, compared with wtXYLA, while the reduction in hydrolysis of this bond by Y220F (26%) was considerably less pronounced. It could be argued that the shift in productive complex formation with X 6 from the Ϫ2 to ϩ4 subsites for the wild type enzyme, to Ϫ3 to ϩ3 for Y220A, is also consistent with the ϩ4 subsite becoming inaccessible to a xylose moiety as a result of the mutation. To assess this possibility, the products generated from X 7 by Y220A were determined. The data (Table  II) showed that the mutant enzyme hydrolyzed the oligosaccharide equally between glycosidic bonds 3 and 4. These results demonstrate that xylose can occupy the mutated ϩ4 subsite, although the protein/ligand interaction at this location has been substantially reduced. Thus, the biochemical properties of the Y220A and Y220F mutants of XYLA indicate that Tyr-220 plays a dominant role in binding to saccharide units at the enzyme's ϩ4 subsite. Inspection of the XYLA⅐X 5 structure indicates that the aromatic ring of Tyr-220 has the potential to form a strong hydrophobic interaction with the xylose moiety occupying the ϩ4 subsite (4). This interaction is likely to be relatively strong compared with that formed by Tyr-255, since the aryl and saccharide rings are perfectly aligned, resulting in the maximum area of sticky contact, and the sugar OH groups are again equatorial in position, optimizing the hydrophobicity of the pyranose face and minimizing steric contacts (Fig. 6) . The position of the OH group of the tyrosine suggests that it does not play a direct role in ligand binding at the ϩ4 subsite. More likely, as proposed for Tyr-255, the OH group of this aromatic residue functions by stabilizing the tertiary position of the aryl component.
Conclusions-The data presented in this study clearly show that although the three-dimensional structures of family 10 enzymes are highly conserved, the topology of their substrate binding clefts is very variable. Detailed analysis of the active site of Pseudomonas XYLA showed that it contained seven xylose binding subsites, and the primary residues involved in ligand binding at each subsite have been identified. Several amino acids play an important role in more than one subsite, and three aromatic residues, Phe-181, Tyr-220, and Tyr-255, dominate ligand binding within the aglycone region of the substrate binding cleft. Compromising ligand binding at the ϩ1 site significantly reduces the enzyme's capacity to cleave oligosaccharides. It is possible, therefore, that the Ϫ2 and ϩ1 subsites play an important role in preventing small substrates from forming dead end complexes with the xylanase. Finally, the data presented in this study have identified the key residues that play an important role in ligand binding at the various subsites and also those that influence the properties of the two key catalytic residues. This comprehensive insight into the structural basis for ligand specificity in Pseudomonas XYLA provides an appropriate paradigm for the role of conserved amino acids in other family 10 enzymes.
